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Msn2pLight exposure is a potentially powerful stress factor during in vivo optical microscopy studies. In yeast, the
general transcription factorMsn2p translocates from the cytoplasm to the nucleus in response to illumination.
However, previous time-lapse ﬂuorescence microscopy studies of Msn2p have utilized a variety of discrete
exposure settings, which makes it difﬁcult to correlate stress levels and illumination parameters. We here
investigate how continuous illumination with blue light, corresponding to GFP excitation wavelengths,
affects the localization pattern of Msn2p-GFP in budding yeast. The localization pattern was analyzed using
a novel approach that combines wavelet decomposition and change point analysis. It was found that the
Msn2p nucleocytoplasmic localization trajectories for individual cells exhibit up to three distinct and suc-
cessive states; i) Msn2p localizes to the cytoplasm; ii) Msn2p rapidly shuttles between the cytoplasm and the
nucleus; iii) Msn2p localizes to the nucleus. Many cells pass through all states consecutively at high light
intensities, while at lower light intensities most cells only reach states i) or ii). This behaviour strongly
indicates that continuous light exposure gradually increases the stress level over time, presumably through
continuous accumulation of toxic photoproducts, thereby forcing the cell through a bistable region
corresponding to nucleocytoplasmic oscillations. We also show that the localization patterns are dependent
on protein kinase A (PKA) activity, i.e. yeast cells with constantly low PKA activity showed a stronger stress
response. In particular, the nucleocytoplasmic oscillation frequency was found to be signiﬁcantly higher for
cells with low PKA activity for all light intensities.nics, Department of Applied
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Biological function depends on sets of networks of complex struc-
ture and interaction patterns that rely on a high degree of spatial
organization. To be able to understand the functionality of a cell or an
organism in detail, one needs to study the dynamics of these networks
and their components with high precision. The rapid development
of computational systems biology has made it possible to simulate
and predict behaviour of large and highly complex biological systems
that otherwise would have been difﬁcult to evaluate [1]. So far,
most of the experimental data on biological components supportingsuch simulations has come from well-established high-throughput
methods, such as DNA microarrays and mass spectroscopy. Lately,
approaches such as the yeast two-hybrid system, protein microarrays,
and biochemical pull downs have contributed further to the char-
acterization of interactions in speciﬁc biological networks. All these
methods provide the crucial ﬁrst steps in ﬁnding the building blocks
and deﬁning the networks that characterize biological function [2,3].
However, most methods involve population homogenization and lack
the spatial and temporal resolution that is often needed for following
the dynamics of the cellular components at the scales of which the
networks operate [1–3]. Furthermore, cell populations often exhibit
high heterogeneity and many biological networks display substantial
stochastic ﬂuctuations [4,5] that may have critical functionality [6].
For example, some cells stochastically anticipate adverse environ-
mental changes in order to increase the survival rate at the population
level [7]. In contrast to population averaging techniques, optical
microscopy, especially ﬂuorescence microscopy, is an excellent tool
for real time in vivo studies of individual cells with high spatial and
temporal resolution. In particular, the combination of systems biology
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possibility to study and interpret complex biological systems [1]. Here
we focus on a key issue in systems biology, that is how environmental
stress is transmitted through signalling pathways and how the spatial
characteristics of transcription factors change over time in response to
the level of applied stress, which is necessary for the cell to achieve
control of subsequent gene expression.
In budding yeast, Saccharomyces cerevisiae, the transcription factor
Msn2p has been identiﬁed as one of the main general inducers of the
response to environmental stresses [8], affecting roughly 180 genes
[9,10]. Msn2p is mainly localized to the cytoplasm under non-stressed
conditions, but upon stress induction it is dephosphorylated and
translocates to the nucleus, where it binds to STREs (stress response
elements) in promoters. The localization to the nucleus is negatively
correlated to both cAMP levels and protein kinase A activity (PKA)
[11,12]. In a pioneering work, Jacquet et al. [13] found that the
excitation light used in ﬂuorescence microscopy could induce
nucleocytoplasmic shuttling of Msn2p, i.e. the GFP-tagged protein
migrated in and out of the nucleus in short bursts at intervals of 3–6
minutes. The dynamic shuttling was illustrated by a simple cyclical
model that was able to produce sustained oscillations due to a delayed
activation of Msn2p export from the nucleus [13]. Later, the Msn2p
nucleocytoplasmic shuttling was experimentally found to be driven
by a negative feedback loop exerted on cAMP synthesis by PKA and
explained in terms of a model of the cAMP-PKA pathway [14]. The
Msn2p oscillations were shown to be independent of Msn2p
translation and the functionality of its DNA-binding domain, suggest-
ing that Msn2p shuttling is not a direct effect of its involvement in
STRE coupled gene expression [13]. Introduction of noise in the model
resulted in stochastic oscillations that resembled the irregular
nucleocytoplasmic shuttling seen experimentally [15]. In contrast to
the common amplitude modulated understanding of transcriptional
regulation, Elowitz and co-workers recently argued that the tran-
scription factor dynamics of Msn2p and Crz1p should instead be
interpreted as a signature of frequency modulated gene expres-
sion [16]. In the case of Crz1p, it was, for example, demonstrated that
the burst frequency increased for increasing Ca2+ stress levels, while
the duration of each nuclear localization burst was relatively constant.
The main advantage of frequency modulation would be to allow the
cell to control the expression of several genes over a large dynamic
range in a co-ordinated fashion, without changing the relative
transcription factor concentrations. This is in contrast to amplitude
regulation, where changing the transcription factor concentration
controls the expression levels of target genes, which in turn would
require intense ﬁne-tuning at the promoter site. Further investiga-
tions into these types of transcriptional dynamics are clearly of high
contemporary interest.
Thanks to advances in ﬂuorescence microscopy, in particular the
development of ﬂuorescent proteins [17] and advances in quantitative
image analysis, it has now become possible to study spatial and
temporal molecular dynamics at the single cell level in great detail.
Obviously, uncontrolled light stress could severely compromise such
studies, in particular investigations of stress response induced by
environmental changes. On the other hand, the studies by Jacquet
et al. [13–15] suggest that light is a potentially powerful stress factor
for studies of transcriptional dynamics, given that the relationship
between the level of light exposure and the degree of stress is
relatively straightforward. We have previously shown that this is not
necessarily the case. For example, we found that a given light dose
spread out over a long exposure time causes less stress than if the
same amount of light is concentrated to a short exposure time [18].
However, previous time-lapse ﬂuorescencemicroscopy investigations
of Msn2p dynamics have all been based on discrete light exposures
at regular intervals [13,14]. In contrast to these earlier studies, and
based on the assumption that a constant illumination level corre-
sponds to a constant stress, we here instead investigate Msn2p-GFPoscillations in S. cerevisiae using continuous blue light exposure. We
found that the temporal evolution of the Msn2p response can be
divided into three successive states: at high light intensities, and
thus an assumed high stress level, Msn2p evolves from a state of
cytoplasmic localization, over a state of shuttling between the nucleus
and cytoplasm, to a constant localization in the nucleus. This indicates
that continuous light exposure leads to cumulative rather than
constant stress, presumably due to accumulation of toxic photo-
products. However, there is a substantial heterogeneity at the single
cell level and not all cells exhibit all three states at the highest
light intensity. Similarly, fewer cells reach the third and ﬁnal state at
intermediate light intensities and low illumination levels only leads
to occasional short periods of nuclear localization. The shuttling
behaviour of Msn2p was further analyzed by comparing the
oscillatory proﬁle for deletion mutants in the RAS/PKA pathway. The
oscillatory state was identiﬁed by a novel approach that combines
wavelet decomposition and change point analysis. We found that
the Msn2p oscillations in a tpk1/3Δ strain, with constantly low PKA
activity, were characterized by a higher nucleocytoplasmic oscillation
frequency compared to the control. The results also indicate that time-
lapse studies using continuous illumination as a stress factor is a
convenient method to study transcription factor localization dynam-
ics over a wide range of stress levels in a single experiment.
2. Materials and methods
2.1. Cells, plasmids and cultivation
Haploid S. cerevisiae (BY4741) yeast cells with genotype Mat a;
his3Δ1; leu2Δ0; met15Δ0; ura3Δ0were used throughout the study.
Single deletion strains were acquired from the yeast deletion col-
lection at EUROSCARF [19]. The double deletion tpk1Δ/tpk3Δ was
constructed in a two step procedure; ﬁrst, the kanamycin resistance
marker in the library tpk3Δ strain was replaced with the nourseo-
thricine resistance gene natMX, and second, the tpk3Δ:natMX cassette
was introduced by homologous recombination through a PCR-based
gene deletion strategy in the tpk1Δ strain completely replacing the
TPK3 open reading frame (from start to stop codon). Deletion strains
msn2Δ::kanMX; tpk1Δ::kanMXtpk3Δ::natMX; pde1Δ::kanMX; pde2Δ::
kanMX, ira2Δ::kanMXwere transformed with a plasmid [11] based on
YCplac111, containing a Msn2p-GFP fusion protein controlled by
the ADH1 promoter and a leu marker. Strains were grown at 30 °C
in synthetic deﬁned medium containing Yeast Nitrogen Base with
ammonium sulphate (0.5%), glucose (2%) and complete supplement
mixture -leu. Themsn2Δ::kanMX strain was used as the control strain
in our studies.
2.2. Fluorescence microscopy
Images were acquired using an automated epi-ﬂuorescence
microscope (TE2000E-PFS, Nikon Instruments) equipped with a 60×
oil immersion objective (NA1.4, Plan Apochromatic, Nikon Instru-
ments), an emission ﬁlter 515±15 nm (Chroma Technology) and an
electron-multiplying CCD camera (Ixon DV-887-DCS-BV, Andor
Technology). The experiments displayed in Fig. 4 were performed
according to a previously described setup by Logg et al. [18], and
images used for localization trajectory extraction were acquired every
20 s at 4.9 J/cm2 for 70 minutes. In order to avoid any inﬂuence
of discrete exposure settings on the results, GFP excitation and
simultaneous stress induction in all other experiments were accom-
plished with continuous blue light illumination by using a mercury
lamp, an excitation ﬁlter 470±20 nm and a dichroic mirror 505 nm
(Chroma Technology). The light intensities were chosen such that
the accumulated light dose [J minute−1] for the intermediate inten-
sities was similar to an earlier report on Msn2p [18]. The intensities
were set to 58 μW (0.36 J cm−2 s−1), 31 μW (0.19 J⋅cm−2 s−1),
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combining different neutral density ﬁlters. The illuminated area was
1.62×10−4 cm2. The acquisition time was set to 4 s, which gave
reasonably good S/N ratio for all intensities used and a high enough
temporal resolution for resolving even the most rapid localization
dynamics. Images were captured continuously in one focal plane,
i.e. the temporal resolution corresponds to 4 s, using the software
IQ (Andor Technology) with continuous illumination. Experiments
were conducted for 70 minutes for 58 μW and 31 μW, and for 140
minutes for 13 μW and 6 μW.
The yeast cellswere kept in a FCS2 perfusion chamber (Bioptechs Inc.)
at 28 °C to avoid any heat-induced stress response. The objective was
heated to 26.2 °C (according tomanufacturer's instructions) tomaintain a
stable temperature in the perfusion chamber. The cover glasses had been
pre-coated for 1 hour with the lectin protein Concanavalin A (ConA),
0.1 μg/μl in 0.01 M PBS. ConA binds to sugar residues on the yeast cell
surface, speciﬁcally α-D-mannose and α-D-glucose [20], which improve
the immobilization of yeast cells and facilitate image analysis. The coating
did not induce any stress response. After each experiment, cells
surrounding the illuminated area were imaged in order to ensure that
only cells that had been illuminated exhibited nuclearMsn2p localization,
thus excluding possible errors in the setup or uncontrollable factors that
could lead to stress induction.
2.3. Image analysis
Images were analysed using the software CellStat [21], which
identiﬁes cell contours and extracts ﬂuorescent data based on the
algorithms described in [22]. In a Gaussian smoothed version of the
original ﬂuorescent image, the brightest pixel and its surrounding
pixels within a 3-pixel radius was deﬁned as the nucleus. This ap-
proximately corresponds to the actual size of the yeast nucleus [23].
To reduce ﬂuctuations due to e.g. changes in vacuole size or slightly
erroneous cell contours, the 90 brightest pixels from the remaining
cell pixels were considered to represent the cytosol. To evaluate
nucleocytoplasmic localization dynamics, the ratio for each time point
between the median in the nucleus and median in the cytosol were
used. The localization trajectory used in signal analysis was deﬁned by
subtracting one from the ratio, so that no nuclear localization was set
to zero.
2.4. Signal analysis
Nuclear localizations were identiﬁed by thresholding the localiza-
tion trajectory. A moving average ﬁlter of 5 frames ﬁrst ﬁltered the
localization trajectory and then a binary signal was constructed by
applying a threshold of 0.28. Values above the threshold represent
nuclear localization. Periods of nuclear localization and no nuclear
localization of less than 5 frames (21 s) were turned into no nuclear
localization and nuclear localization, respectively. Peaks separated by
a valley with a depth of at least 0.2 were identiﬁed as individual peaks.
Classiﬁcation of cells was made manually based on the Msn2p
localization trajectory and visual inspection of the raw ﬂuorescence
images. All classiﬁcations were based on the ﬁrst 70 minutes of the
experiment.
Since the behaviour of the localization trajectory was clearly non-
stationary (statistically) a wavelet decomposition together with a
statistical change point analysis [24,25] were utilized to identify the
oscillatory state in the trajectory. The trajectory gained from image
analysis is decomposed into an approximation (trend) and 4 levels of
details using Daubechies D4wavelet family at 5 levels [26]. The choice
of wavelet family is not necessarily limited to the Daubechies D4 and
the oscillatory state is visible for other tested families. The number of
levels was chosen so as there being no visible structure left in the
signal of the last detail. To ﬁnd the location and the signiﬁcance of the
oscillatory state the change point analysis was performed on the trendand at the ﬁrst level of the decomposition. First, a candidate point
for the location of a change of state was found by a combination of
the CUSUM method and bootstrapping as in Ref. [25], testing for a
change in the mean value of the trend. Cumulative sums of deviations
from the mean value was calculated and compared to the bootstrap
distribution of 1000 samples [27]. In the next step, the candidate
was reﬁned by carrying out the same method, but instead of using
deviations from the mean value the analysis was shifted to searching
for differences in variation of the ﬁrst level of detail, due to the change
in characteristics of the detail compared to the trend. Consecutive
differences were calculated for the detail close to the candidate point
and the cumulative sums of deviations from the mean deviation were
calculated in the same way as for the trend. Cumulative sums of
the data were again compared to the bootstrap distribution. When a
signiﬁcant change point was found, at a signiﬁcance level of 5%, the
analysis moves on to search for another candidate for the rest of the
trajectory analogously. If a second signiﬁcant change point was found,
these two points made up the oscillatory state.
Throughout the paper, the Mann–Whitney U-test [28] has been
used to assess whether a data set takes larger values than another data
set. The test is based on ranks and is therefore non-parametric, i.e.
makes no assumptions of the data belonging to a particular/speciﬁc
distribution, which makes it an appropriate choice in this application
where in particular a Gaussian distribution cannot be assumed.
3. Results and discussion
3.1. Msn2p nucleocytoplasmic localizations
In order to characterize the light-induced nucleocytoplasmic
dynamics of the transcription factor Msn2p, actively budding yeast
cells were continuously exposed to blue light (470±20 nm) at
various intensities, while the localization dynamics ofMsn2p-GFPwas
followed using time-lapse ﬂuorescence microscopy (Fig. 1A). Each
measurement covered roughly 100 cells and lasted for up to 2.5 h.
Images were quantiﬁed automatically using the software Cell Stat [21]
and the nucleocytoplasmic localization dynamics was analyzed in
terms of the ratio between the Msn2p-GFP ﬂuorescence intensity
in the nucleus and the cytosol. We found that many localization
trajectories (degree of nuclear localization vs. time) could be divided
into three distinct and successive “states” at higher light intensities
(31 μWand 58 μW). As illustrated in Figs. 1A and B, Msn2p is localized
to the cytoplasm in the initial state of the experiment. After a cer-
tain lag time, roughly 10 minutes in Fig. 1B, Msn2p enters a second
state that extends for about 30 minutes. This state is characterized
by repeated shuttling between the nucleus and the cytoplasm and
a duration of most individual nuclear localization events of the order
1–5 minutes. The cells eventually enter a third and ﬁnal state, starting
after about 45 minutes in Fig. 1B, characterized by constant nuclear
localization. We found that the localization trajectories containing
all three states, illustrated by Fig. 1A and B, were most common at
the highest intensity (58 μW). At intermediate intensity (31 μW) a
smaller set of cells reached all three states, while most cells remained
in the oscillatory state at the end of the experiment (Fig. 1C), and
never entered the state of constant nuclear localization. At still lower
intensities (13 μW), only sporadic single localizations to the nucleus
occurred (Fig. 1D).
In Fig. 2, we compare Msn2p localization trajectories for a large
number of individual cells. The colour scale encodes the degree
of nuclear localization and each image represents a certain Msn2p
localization proﬁle for 100 individual cells for a given strain and light
intensity. At low light intensity (13 μW; bottom row), and in par-
ticular for the control strain, we see that nuclear localizations are rare
and only occur for short periods of time during the whole extent of
the experiment. At higher light intensities, the number of cells that
exhibit nuclear localization at a given time increase. It is also evident
Fig. 1. Representative nucleocytoplasmic localization trajectories of Msn2p. Depending on the light intensity, certain trajectories are more common than others. A) Time-lapse
ﬂuorescence microscopy images of a typical yeast cell expressing Msn2p-GFP (numbers indicate minutes). The images were recorded using a comparatively high light intensity
(58 μW). B) The corresponding computationally extracted Msn2p localization trajectory, covering all 1000 images, for the cell in Fig. 1A. The cell passes through three distinct Msn2p
localization “states,” i.e. Msn2p ﬁrst resides in the cytosol, then oscillates between the cytosol and the nucleus, and ﬁnally localizes constantly to the nucleus. C) Example of a cell that
never enters the state of constant nuclear localization. This type of trajectory became more common at an intermediate light intensity (31 μW). D) Example of sporadic nuclear
localization events in a cell illuminated with a low light intensity (13 μW).
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appear for the higher light intensities, and more cells exhibit constant
nuclear localization towards the end of the experiments.
Earlier analysis of Msn2p shuttling based on mathematical models
of the RAS/PKA signalling pathway predicted a stress range charac-
terized by sustained oscillations [14,15]. Msn2p oscillations were
thus predicted to occur for stress in between two critical values of
the particular stress parameter, while stress degrees below and
above these values resulted in steady-state conditions with constant
cytoplasmic and nuclear Msn2p localization, respectively. Fig. 3
schematically illustrates this type of cellular response. This cartoon
is a so-called bifurcation plot and the vertical lines represent the
critical stress levels that separate the region of bistability, in which
oscillations may occur, from regions of constant localization. How-
ever, the experimental data in Figs. 1 and 2 show that many yeast
cells successively pass through the three Msn2p localization states,
i.e. cytoplasmic localization, nucleocytoplasmic shuttling and nuclear
localization, during the same experiment. This strongly implies that
continuous exposure to a constant light intensity corresponds to
a continuously increasing, i.e. cumulative, rather than constant,
stress level. In a simpliﬁed picture, we can thus think of the cells as
moving from left to right in the bifurcation plot (Fig. 3), with a speed
determined by the light intensity.
It is likely that the cumulative stress originates in some kind of
photochemical process, for example accumulation of toxic photo-
products, to which the cells lack the appropriate defencemechanisms.
Light exposure, and subsequent induction of reactive oxygen species
(ROS), has been shown to change the redox state of cells [29], and
have, to a large extent, been assigned to interaction with chromo-
phores in the mitochondria. Lately, also NADPH oxidase in the cell
membrane has been suggested as a source of light-induced ROS
production [30]. Furthermore, GFP has been identiﬁed to produce
singlet oxygen (1O2) [31,32], a highly reactive ROS, but with relatively
poor 1O2 photosensitization and triplet state formation efﬁciency [32].
ROS are known to cause damage in living cells, e.g. by damaging
cysteine, histidine, methionine and tryptophan residues in proteins,and has been shown to increase in living cells in response to illu-
mination [33]. However, low intensity illumination has also been
shown to stimulate cell growth and increase the production and/or
activity of ROS scavengers, such as catalase and superoxide dismutase
(SOD) [29]. Although ﬂuorescent proteins, including GFP, are known
to increase ROS production [33], we have previously published data
indicating that GFP toxicity is not the main contributor to light-
induced stress in Msn2p-GFP expressing strains, that is, we found no
correlation between the GFP intensity in a cell and the corresponding
total nuclear localization time of Msn2p-GFP. In addition, budding
yeast cells with and without GFP showed similar morphological
changes when exposed to blue light [18]. Hence, if ROS is the direct
cause of light-induced stress, then it must originate in endogenous
compounds with absorption bands similar to GFP, possibly ﬂavins
[34], or non-ﬂuorescent absorbing species.
3.2. PKA dependence
The nuclear localization of Msn2p is under the negative control
of protein kinase A (PKA) by site-speciﬁc phosphorylations [11,35].
To indentify relevant components in the RAS/PKA signalling path-
way involved in transmitting light-induced stress and inﬂuencing
the oscillatory behaviour of Msn2p, several deletion mutants in this
pathway were investigated. We have earlier shown that the total
time Msn2p spends in the nucleus is a robust way of measuring the
stress level in response to light exposure [18]. Several of the mutants
showed clear differences in the light-induced Msn2p nuclear local-
ization time compared to the control strain (Fig. 4), i.e. tpk1/3Δ,
pde1Δ, pde2Δ and ira2Δ. In the ira2Δ strain, with a constantly high
PKA activity, Msn2p resided in the cytoplasm even after longer times
of light exposure. Similarly, both pde2Δ and pde1Δ mutants, which
also have higher PKA activity, showed a decrease in Msn2p total
nuclear localization with pde2Δ exhibiting the strongest effect. Pde1p
and Pde2p are cAMP phosphodiesterases with low and high afﬁnity
for cAMP, respectively [36,37]. Pde2p has been shown to be the main
regulator of cAMP levels in stationary phase, and the deletion mutant
Fig. 2. Localization trajectories extracted from ﬂuorescence microscopy images showing Msn2p localization proﬁles for 100 individual cells for the control and the tpk1/3Δ strain at
light intensities 58 μW (top row), 31 μW (middle row) and 13 μW (bottom row). The colour scale encodes the degree of nuclear localization (scale to the right). At the highest light
intensity, many cells pass through three distinct states; cytoplasmic localization, nucleocytoplasmic shuttling, and constant nuclear localization. The tpk1/3Δ strain shows a higher
degree of nuclear localization in response to a speciﬁc light intensity and on average contains more cells exhibiting all three states.
Fig. 3. Schematic cartoon of bifurcation as a function of stress level. At continuous light
exposure, the stress level is thought to increase over time and push Msn2p through
three successive states, cytoplasmic localization, nucleocytoplasmic shuttling and
constant nuclear localization. The vertical dashed lines represent the critical stress
levels that separate a region of bistability, where the cell exhibits Msn2p oscillations,
from constant localization. Within the region of bistability, the cell can only exist in one
of two possible states, characterized by either low (lower dotted line) or high (upper
dotted line) degree of nuclear Msn2p localization, or oscillate between these two states.
Fig. 4. Total nuclear localization time for Msn2p-GFP in different deletion mutants.
Images used for extracting localization trajectories were acquired using the previously
described setup by Logg et al. [18] every 20 s at 4.9 J/cm2 for 70 minutes. The box's
upper and lower limits represent the 25th and 75th percentiles respectively, and the
horizontal line inside the box represents the median value.
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Fig. 6. Localization trajectory classiﬁcation. Cells from the control and the tpk1/3Δ
strain, at the respective light intensities, have been classiﬁed as either; “Oscillating and
Nuclear,” “Nuclear,” “Only Oscillating,” “No response” or “Undeﬁned.” The latter class
remained at approximately 11% independent of light intensity and is not included in the
diagram. It is evident that the predominant class changes from the “Oscillating and
Nuclear” at high light intensity, i.e. exhibiting all three states, to the “Only Oscillating”
class as the light intensity decrease. Furthermore, a larger fraction of the tpk1/3Δ cells
were classiﬁed into classes that become more common at higher light intensities and
thus exhibit a stronger stress response compared to the control strain.
363K. Bodvard et al. / Biochimica et Biophysica Acta 1813 (2011) 358–366has earlier been shown to be sensitive to various stresses, such as
peroxides and heat, while pde1Δ did not affect stress tolerance [38].
Our data are thus in line with earlier ﬁndings, although since both
deletions showed a decrease in Msn2p nuclear localization, both
proteins seem to be implicated in the response to light-induced stress
to regulate cAMP levels.
In contrast to the other deletion mutants, tpk1/3Δ showed an
increase in total nuclear localization time compared to the control strain
(Fig. 5). These cells rely only on TPK2 to express the catalytic subunit of
PKA, and as a result have a lower PKA activity. This leads to less
phosphorylation of Msn2p resulting in greater level of nuclear
localization. Overall, our results are thus expected and inline with
earlier descriptions of this pathway [39]. We then went on to analyze
which component(s) in the localization trajectories that were respon-
sible for the increase in total nuclear localization time in the tpk1/3Δ
strain. Comparing the two columns in Fig. 2, it was clear that at all light
intensities the tpk1/3Δ cells exhibited a higher average degree of
localization and the population contained more cells that showed a
constant nuclear localization after longer times of light exposure.
However, it was also clear that each cell population showed a high
heterogeneity among localization trajectories. To be able to better
quantify the differences in the response to light-induced stress between
the two strains, each cell was classiﬁed into one of ﬁve classes based on
its localization trajectory; i) cells oscillating with ﬁnal constant nuclear
localization, i.e. exhibits all three states (trajectory I: Oscillating and
Nuclear); ii) cells directly exhibiting constant nuclear localization
without anyoscillations (trajectory II: Nuclear); iii) cells only oscillating,
without reaching constant nuclear localization (trajectory III: Only
Oscillating); iv) cells with no response, meaning constant cytoplasmic
localization (trajectory IV: No Response); and v) Undeﬁned. All
classiﬁcations were based on data from the ﬁrst 70 minutes of the
experiment. It is evident that tpk1/3Δ cells at higher light intensities are
more likely to exhibit all three states (trajectory I), whichwas observed
for about 50% of the cells at 58μW (Fig. 6). Cells from the tpk1/3Δ strain
were also classiﬁed as having a stronger stress response for a given
light intensity, indicated as a higher proportion of cells with constant
nuclear localization of Msn2p compared to the control strain. ItFig. 5. Total nuclear localization time of the control and the tpk1/3Δ strain at different
light intensities over 70 minutes of constant light exposure. A higher nuclear
localization time correlates clearly to both higher intensity and reduced PKA activity.
The increase in nuclear localization time as intensity increases is statistically signiﬁcant
(p-valueb0.0001) for each comparison within the two groups, except for the control
group at 31 μW and 58 μW. Furthermore, the nuclear localization time is signiﬁcantly
higher for the tpk1/3Δ strain for each of the light intensities. These tests were carried
out using the Mann–Whitney U-test.should be noted that at the highest light intensity tested (58μW)
roughly 10% of the tpk1/3Δ cells also went directly from state one to
state three without any oscillatory behaviour. Rapid relocation of
Msn2p from the cytoplasm to the nucleus in almost all cells has
earlier been reported in studies using stress factors other than light,
e.g. heat or ethanol [11], and modelled to occur at a high stress level
[14]. We conclude that the PKA activity has a direct and substantial
effect on the nucleocytoplasmic dynamics of Msn2p.
3.3. Oscillation dynamics
Wenow turn to the temporal characteristics of the oscillating parts
of the localization trajectories. Speciﬁcally, we want to know whether
a high degree of stress can be associated with an increase in the
number of nuclear localization events per time unit (the nucleocy-
toplasmic oscillation frequency) and/or with an increasing duration of
the oscillatory and/or nuclear states.
Correlation analysis, and equivalently Fourier analysis, is based on
the assumption that the signal is statistically stationary along the
entire observation time. Due to the three distinct states of the typical
localization trajectory (Figs. 1B and 2) this is clearly not the case here.
Thus, correlation analysis, as for example performed by Cai et al. [16],
should in principle not be used to analyze the single cell localization
trajectories in the present case. Wavelet analysis, on the other hand,
inherently offers the possibility to localize frequency components in
time [40]. It also automatically separates the signal in a general trend
and in components of successively higher frequencies, as demon-
strated for the localization trajectory in Figs. 7A-C. We used the
separation of the trend and the ﬁrst oscillating component (Figs. 7A
and B) in combination with statistical change-point analysis [24,25]
to deﬁne the duration of the oscillatory state. Two change points,
corresponding to the start- and end-points of the oscillatory state,
were identiﬁed in the localization trajectory for each cell in the
“Oscillating and Nuclear” class. The time span in between these time
points was deﬁned as the oscillating window length, tosc. Only the two
highest light intensities, 58 μW and 31 μW, were analyzed, because
too few cells populated the “Oscillating and Nuclear” class at 13 μW
(Fig. 6). As shown in Fig. 7D, the control strain and the tpk1/3Δ
A D
B
C
Fig. 7. Wavelet analysis scheme (A–C) and the duration of the oscillatory state (D) gained from wavelet analysis. The localization trajectory gained from image analysis is
decomposed into an approximation (trend) and 4 levels of details using Daubechies D4 wavelet family at 5 levels [26]. A) First, candidate change points are identiﬁed (circles) using
changes in the average of the trend level. B) Next, change points are reﬁned by looking at the change in variation of the ﬁst wavelet detail. C) The ﬁnal oscillatory state(shaded area)
in the localization trajectory. D) Oscillating window length, tosc, for cells showing all three states in the control and the tpk1/3Δ strain. The length of the oscillating window increases
at the lower light intensity, indicating that extra time is needed to build up a sufﬁcient stress level. The increase in the duration of the oscillatory state as light intensity decreases, is
statistically signiﬁcant (p-valueb0.001 (control) and p-valueb0.025 (tpk1/3Δ)) for each comparison within each strain. However, the duration of the oscillatory state is not
signiﬁcantly different between the strains for each of the light intensities.
Fig. 8. The nucleocytoplasmic oscillation frequency, indicated as the number of Msn2p
nuclear localization events per minute, during the oscillatory state for cells classiﬁed as
“Oscillating and Nuclear” and “Only Oscillating.” A low PKA activity increases the
frequency of nuclear localizations, which was found to be signiﬁcantly higher compared
to the control for each of the light intensities (p-valuesb0.0001). There is no signiﬁcant
difference between 31 μW and 58 μW within each strain. These tests were carried out
using the Mann–Whitney U-test.
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oscillatory state as the light intensity increased from 31 μW to 58 μW.
In the case of the control strain, the median of tosc decreased from 37
minutes to 31 minutes, i.e. ~16%. On the other hand, in the simplest
of cases one would expect that the duration of the oscillatory state
would decrease by ~50% if the rate of stress accumulation (directly
proportional to the light intensity) doubled, as is the case here.
The fact that this does not happen may indicate that some kind of
saturation process, for example linked to a ﬁnite concentration of
endogenous photosensitizers, limits the actual stress level or that
certain response times limit the cellular defence against light-induced
stress. A further indication for such effects is that the lag time before
the start of the oscillatory state, quantiﬁed as the ﬁrst change point
in the wavelet analysis, did not decrease signiﬁcantly when going
from 31 μW to 58 μW(data not shown). However, as can be seen from
Fig. 2, the lag time is considerably longer at 13 μW compared to the
two higher intensities (58 μW and 31 μW), which is consistent with
our earlier report [18]. Importantly, we could also not see any clear
difference in oscillating window length in the strain with low PKA
activity compared to the control strain.
To investigate if also the nucleocytoplasmic oscillation frequency
was inﬂuenced by the light intensity and/or PKA activity, each
localization trajectory was analyzed using a thresholdingmethod (see
Materials and methods). The oscillation frequency could then be
measured as the ratio between the total number of nuclear local-
ization events and the duration of the oscillatory state (deﬁned as
the time span from the ﬁrst nuclear localization to the end of the
experiment in the case of the “Only Oscillating” class). The oscillation
frequency was found to be signiﬁcantly higher for low PKA activity
for all light intensities, e.g. median values of 0.19 versus 0.10 at 31 μW
for the tpk1/3Δ strain and the control strain, respectively (Fig. 8).
Both strains showed a signiﬁcantly lower oscillation frequency at
13 μW compared to the two higher intensities. Sporadic irregular
nuclear localizations, as illustrated in Fig. 1D, occurred much more
frequently, especially in the control strain. Interestingly, the oscilla-
tion frequency did not differ signiﬁcantly between the two highest
light intensities, 31 μW and 58 μW, for any of the strains. This might
not be so surprising if we note that the maximum possible oscillation
frequency is expected to correspond to the inverse duration of asingle nuclear localization event, which we estimate to last for about
3 minutes. A rough approximation of the maximum oscillation
frequency is thus 0.33 localizations/minute, which is not much higher
than the oscillations frequencies in Fig. 8, especially for the tpk1/3Δ
strain. The saturation behaviour in Fig. 8 can thus be interpreted as
a consequence of speciﬁc limiting time-constants in the signalling
pathway. In particular, the difference in saturation values (roughly
a factor two) between the two strains indicates that PKA activity
directly inﬂuences speciﬁc rate-limiting steps involved in Msn2p
phosphorylation, thereby regulating the nucleocytoplasmic oscilla-
tion phenomenon. PKA has previously been shown to be involved in
both the export and import mechanisms of Msn2p [11,13,35], but the
complete picture that governs Msn2p localization remains unclear.
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We characterized the dynamics of nucleocytoplasmic shuttling
of Msn2p-GFP in response to continuous blue light (470±20 nm)
exposure using continuous time-lapse ﬂuorescence microscopy with
high temporal resolution. We found that both light intensity and
PKA activity affect the nucleocytoplasmic localization proﬁle. Previous-
ly described theoretical models of the RAS/PKA pathway [14,15],
involving complex non-linear relations and stochastic factors, identiﬁed
three different Msn2p localization states–cytoplasmic, oscillatory and
nuclear–corresponding to increasing but constant stress parameter
values. Based on system models, often containing feedback mecha-
nisms, the localization behaviour of a protein can exhibit bifurcation, a
sudden change in behaviour upon a small change in a parameter value.
This is typically illustrated as the cartoon in Fig. 3, where sustained
oscillations occur in between two critical stress levels. We here show
that cellular stress caused by continuous illumination push the cells
through all three localization states successively during the same
experiment. This strongly indicates that continuous illumination with a
ﬁxed light intensity results in increasing, i.e. cumulative, stress levels,
presumably due to an accumulating concentration of toxic photo-
products. A cumulative stress response is further substantiated by the
observation that the duration of the oscillatory state increases at lower
light intensities. In a tpk1/3Δ strain, with constantly low PKA activity,
the total nuclear localization time was found to increase compared to
the control strain, which was due to a higher fraction of cells reaching
constant nuclear localization as well as an increased nucleocytoplasmic
oscillation frequency during the oscillatory state. However, the duration
of the oscillatory state remained constant compared to the control
strain. The oscillation frequencywas found to reach a plateau at the two
highest light intensities (Fig. 8). At the plateau level the tpk1/3Δ strain
exhibited higher oscillation frequency, which indicates a mechanistic
difference between the two strains. The Msn2p localization control in
response to cumulative light-induced stress is complex, and it is
therefore not certain if one can interpret the response in terms of solely
a frequency modulated control as earlier proposed [16]. In a wider
perspective, continuous light-induced stress gives the opportunity to
probe a wide range of stress levels in the same experiment, and thus
making it a convenient and rapid method to study intra-cellular
dynamics over a wide range of stressmagnitudes. In contrast, to be able
to avoid effects of light-induced stress in microscopy experiments,
other ﬂuorophores than GFP where one can use longer wavelengths
could possibly lower the production of toxic photoproducts and thus be
better suited for studies of biological processes. However, the
relationship between light intensity and the actual stress level is
complex, and most probably also linked to the wavelength, and thus
needs to be investigated further.
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